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1. Introduction 

■Herbig-Haro (HH) objects are the optically visible 
] tracers of mass outflow from YSO s and are th e refore 
■ ultimately powered by accreti o n JCabrit et al 
' iHartigan. Edwards fc Ghandouil Il995(l . Over the years 
I many bipolar HH outflows have been observed and most 
were found to be driven by embedded, low -mass sources 
of ^ IMq . Initially it was assumed that their lengths 
were only a fraction of a parsec, however the discov- 
ery of a ~ 1.4pc long outflow from RN0 43 l)Ravl Il987|) 
hinted that this may not always be the case. In the 
mid 1990's it was realised that many of these out- 
flows can have projecte d lengt hs much greater th a n Ipc 
llBallv. Devine. fc Altenl. Il99fil: lEisloffel fc Mundtl Il997t 
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Abstract. Previous studies of young stellar objects (YSOs) have uncovered a number of associated parsec -scale 
optical outflows, the majority of which are driven by low - mass, embedded Class I sources. Here we examine more 
evolved Classical T Tauri stars (CTTSs), i.e. Class II sources, to determine whether these are also capable of 
driving parsec -scale outflows. Five such sources are presented here - CW Tau, DC Tau, DO Tau, HV Tau C 
and RW Aur, all of which show optical evidence for outflows of the order of Ipc (24' at the distance of Taurus - 
Auriga). These sources were previously known only to drive "micro -jets" or small-scale outflows ^ 1' in length. 
A parsec -scale outflow from a less evolved source (DG Tau B) which was noted in the course of this work is also 
included here. Examination of the flve newly discovered large-scale outflows from CTTSs shows that they have 
comparable morphologies, apparent dynamical timescales and degrees of coUimation to those from less evolved 
sources. There is also strong evidence that these outflows have blown out of their parent molecular clouds. Finally 
we note that the "fossil record" provided by these outflows suggests their sources could have undergone FU 
Orionis -type outbursts in the past. 

Key words. ISM: Herbig-Haro objects, Individual — CW Tau, DG Tau, DO Tau, HV Tau C, RW Aur 



It is not surprising that such outflows can attain these 
lengths when we consider that they have tangent i al ve- 
locities of between 50 - 200 km s~^ I Devine et all Il997t 
iReipurth. Ballv. fc Devin3 . Il997l) and the outflow phase, 
for even (low- mass) Class I sources, lasts at least 10^ 
years. In reality, it should be expected that most will attain 
parsec - scale lengths. The main observational hindrance in 
the past to observing them was the relatively small fields 
of view offered by most CCD cameras. With the advent of 
large CCD mosaics more and more parsec - scale outflows 
have been discovered. 

The morphology of parsec - scale outflows yields valu- 
able information about their driving sources. They are, 
in effect, a fossil record of the mass -loss history of their 
source over their dynamical timescales (^10'^ to ~10^ yr). 
They suggest, for example, quiescent phases between pe- 
riods of violent mass ejection that give rise to the large 
HH complexes we see today. The morphology of an out- 
flow can also indicate whether it is precessing and, if so, 
the rate of precession. 

As mentioned earlier many of the parsec - scale out- 
flows that have been observed to date are driven by 
young, Class I, low- mass YSOs. The classification scheme 
used here is based on the shape of the spectral energy 
distribution (SEP) of the YSO fr om lO/xm to lOO^m 
llLada fc Wilkinglll984HLadaill987l) . The SED of a YSO 
can be modelled as an approximate blackbody with an in- 



iReipurth. Ballv. fc Devinelll997|) . reaching up to ~ Ilpc. 
Some well known examples are the HH 34 outflow con- 
sisting of HH33, HH40, HH85, HH126, HH34N, HH34, 
HH 34X, HH 173, HH 86, HH 87 and HH 88 which is 3pc in 
projected length (Ballv fc Devine, 199^ : the 5.9 pc long 
HH401, HHl, HH2 and HH402 outflow llOgural Il995i) : 
and the HH 11 3 / HH 111 / HH 31 1 outf low at 7.7pc in 
length fRcip urth. Ballv. fc Deviii3.ll997|) . 
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frared excess longwards of 2/xin due to circumstellar dust 
and gas. The infrared excess is very strong in the young, 
embedded Class I sources and is almost non - existent in 
the most evolved Class III sources. Here we observed a 
number of Class II low -mass sources - CTTSs. These 
CTTSs were not previously associated with parsec - scale 
outflows; in fact many were only known to drive "micro - 
jets" of the order of ^ 5" to 40" O.OSpc at a distance 
of 140pc to the Taurus - Auriga Cloud). Although outflows 
from these more evolved sources are not nearly as spec- 
tacular as those from Class I YSOs, their sources are no 
longer surrounded by significant amounts of dust and so 
their outflows can be traced right back to the origin. These 
Class II sources are still actively accreting and ejecting 
matter, a lbeit at rates 10-100 times smaller tha n Class 
I sources (|Hartigan. Edwards fc Ghandouilll995(l . In this 
paper, we present a number of parsec -scale outflows from 
CTTSs and we investigate whether these CTTSs show ev- 
idence for having undergone FU Orionis-like outbursts, 
based on the fossil record of their outflows. 

Details about the observations are given in Section 2. 
In Section 131 we report the discovery of parsec -scale out- 
flows from five CT TSs in the Taurus - Auriga Cloud, a t 
a distance of 140pc tehasl Il978t IWichmann et all Il998|) . 
We also include serendipitous observations of a parsec - 
scale outflow from a less evolved Class I source. These 
results are discussed in Section 0] and our conclusions are 
presented in Section |S1 

2. Observations 

Our data was acquired using the Wide Field Camera 
(WFC) on the 2.5m Isaac Newton Telescope at El 
Observatorio del Roque de los Muchachos (La Palma, 
Canary Islands). The WFC consists of four thin -coated 
EEV CCDs each with 2048 x 4100, IS^im x IS^m pixels. 
One pixel projects to 0'.'33 on the sky. Three of the CCDs 
are positioned from north to south with their long axes 
adjoining. The fourth is attached to the west to form a 
square (34f2 wide) with its northwestern corner missing. 

Our images were taken during two separate observ- 
ing runs, the flrst between the lO"^ and IB**^ of February 
2001, and the second between the 24**^ and 27*'' of 
November 2003. HH objects were identified using a num- 
ber of narrowband emission line fihers: Ha(Ac = 6568A, 
AA(FWHM) = 95A) and [SII](Ac = 6725A, AA(FWHM) 
= SOA). To distinguish HH emission from reflection nebu- 
losity, we also took broadband images in I and V. Seeing in 
the images taken in February 2001 was moderate at 1" - 2" 
as measured from the images. The seeing in the November 
2003 images was better at O'.'9-l'.'l. Exposure times for 
the narrowband and broadband images were typically 30 
and 10 minutes respectively. The data were reduced us- 
ing standard IRAF reduction procedures. The sources ob- 
served here are CTTSs with previously known "micro - 
jets" or short outflows of ^ 1'. All are in the Taurus - 
Auriga cloud, chosen for its abundance of CTTSs. Seven 
such sources were observed, with 5 of them - CW Tau, 



Object 


Source 


a(J2000) 


5(J2000) 


HH826A 


CW Tau 


04" 14™ 17.8" 


+28° 10' 40" 


HH826B 


CW Tau 


04" 14™ 19.8" 


+28°09'52" 


HH827 


CW Tau 


04"14™15.1" 


+28°03'55" 


HH826C 


CW Tau 


04" 14™ 15.3" 


-h28°lT39" 


HH828 


CW Tau 


04" 14™ 10.3" 


+28°14'54" 


HH829A 


CW Tau 


04''14™03.0" 


+28°25'36" 


HH829B 


CW Tau 


04"14™04.8" 


+28°26'53" 


HH829C 


CW Tau 


04"14™07.3" 


+28°27'37" 


HH830A 


DG Tau 


04"27™37.3" 


+26°12'27" 


HH830B 


DG Tau 


04"27™44.8" 


+26°12'56" 


HH830C 


DG Tau 


04"27™51.7" 


+26°15'33" 


HH831 A 


DO Tau 


04"39™13.2" 


+26° 13' 48" 


HH831B 


DO Tau 


04"39™15.2" 


+26°13'55" 


HH832 


DO Tau 


04"39™02.0" 


+26°12'21" 


HH833 


HV Tau C 


04"38™44.0" 


+26°14'42" 


HH834 


7 


04"39™05.9" 


+26°03'23" 


HH835 


RW Aur 


05''07™30.4" 


+30°27'11" 


HH836A 


DG Tau B 


04"27™13.5" 


+26°04'16" 


HH836B 


DG Tau B 


04"27™19.7" 


+26°03'07" 


HH837 


DG Tau B 


04"27™44.8" 


+26°00'49" 


HH838 


? 


04"26™56.4" 


+26°05'58" 


HH839 


? 


04"27™43.8" 


+26°04'35" 



Table 1. Positions of the new HH objects found in this 
survey and their probable sources. 



DG Tau, DO Tau, HV Tau C and RW Aur - revealing 
extended outflows of the order of Ipc. No extended optical 
emission was found in the UY Aur and DP Tau outflows. 

3. Results 

3.1. CW Tau 

CW Tau has a spectral type of K3 llCohen KnhiLll 97^^ . 
with = 1.40 M© and = 2.6 Lrr^ l|Comez de Castrol 
Il993|) . A "micro- jet" (HH220) propagating southeast 
from this source was discovered in optical images by 
IComez de Castrol ()l993j) . with a gap of 1'.'3 between 
the source and the jet. A full opening angle of 3.3° is 
derived for this blues hifted jet at 3" from the source 
^Dougados ct al.', '200d'). Long - slit sp ectroscopic observa- 
tions bv Hirth. Mundt. fc Solj l)l994j) showed the outflow 
to extend at least 4" - 6" on either side of the source. The 
blueshifted HH 220 outflow is at a posit ion angle (P. A.) of 
144° ± 2° with respe c t to C W Tau l|Comez de Castrol 
I1993I: iDoiigados et al and we estimate the red- 

shifted jet to be at ^ 329° with respect t o CW Tau from 
the [SII] images of lDougados et all l|200o[l . 

Our wide fleld images of the region around CW Tau 
(Fig. reveal that this outflow is much more extended 
than just the HH 220 bipolar jet - see Table|21for details of 
the newly discovered objects in the CW Tau outflow. Two 
knots are found to the south of CW Tau at 22" (HH 826 A) 
and 1.'27 (HH826B). HH826 A is only seen in [SII] emis- 
sion while HH827B is seen in both [SII] and Ha. Both 
are at a P.A. of ~ 153° with respect to the source and 
are reasonably well aligned with the blueshifted HH220 
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Angular 


P.A." 


Spatial 






Separation" 


r 


Extent'' 


HH826A 


CW Tau 


0'.37 


153 


2"x 2" 


HH826B 


CW Tau 


1'.27 


153 


2"x 5" 


HH827 


CW Tau 


6.'2 


184 


1:8 X 16" 


HH826C 


CW Tau 


0'.77 


326 


4"x 3" 


HH828 


CW Tau 


4:52'= 


342"= 


3"x 2"(e)'' 




CW Tau 




338^= 


2"x 3"(m)'' 




CW Tau 


4:33'= 


334"^ 


5"x 3"(w)'* 


HH829A 


CW Tau 


14:9 


348 


29" X 5" 


HH829B 


CW Tau 


16.' 12 


351 


3"x 4" 


HH829C 


CW Tau 


16'.8 


353 


3"x 6" 



Table 2. Angular separations, P.A.s and spatial extent of 
newly discovered HH objects in the CW Tau region. 
" : Angular distance from the presumed source. 
^ : P.A. with respect to the presumed source. 

: Width and length of the object respectively. 

: The three knots in HH 828 (see Fig. ^ are labelled 
here as the eastern- most knot (e), the middle knot (m) 
and the western- most knot (w). 



jet. Further out at 6'.1 is HH827 at a P.A. of 184° with 
respect to CW Tau. Precession of the outflow may explain 
this directional change. HH 827 consists of a bright knot 
with a trail of emission stretching to the northeast and a 
fainter trail of emission to the southwest (see Fig. |3Jl and 
is much brighter and more extended in Ha than in [SH]. 
The total length of this object in Ha is ~ 1.'8. It is possible 
that HH 827 is not driven by CW Tau in which case IRAS 
04113+2758 and IRAS 04112+2803 to the northeast and 
north of HH 827 (marked on Fig.^ are candidate sources, 
however the trail of emission from HH827 doesn't point 
back to either of these. If HH 827 is driven by CW Tau 
then the projected length of the blueshifted outflow is 7.'08 
(0.29pc). 

Our [SH] images show that the redshifted HH 220 jet 
extends to - 46" from CW Tau at a P.A. of 326° (Fig.|Il). 
The jet first extends to ^ 9" from the source, then there 
is a gap of almost 20" where the jet is too faint to be seen. 
It becomes visible again for a distance of ~ 17" before 
terminating in the bright knot HH826C. Further out a 
trio of knots (HH 828) are found at - 4'.3 from CW Tau 
and are only seen in [SIT] (Figs.^&l^l). The most western 
knot is at a P.A. of 334° from CW Tau and the most 
eastern is at 342°. There are three known IRAS sources in 
the vicinity of HH 828 (marked in Fig.^ and it is possible 
that the source of the HH 828 knots is one of these or CW 
Tau itself. Proper motion studies would help distinguish 
between these possibilities. 

There is a distance of - 10.'8 (0.44pc) between HH 828 
and the next HH object along this direction, HH829A 
(Figs.m&EI). HH829 A, B and C are 14f9, 16fl2 and 16.'8 
at 348°, 351° and 353° from CW Tau respectively. The 
edge of this complex is approximately 37" from the north- 
ern edge of our field of view so it is possible that further 
emission is present beyond this. While HH829A is com- 
parable in brightness in both Ha and [SH] emission, knots 
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Fig. 1. CW Tau : Mosaic of the entire CW Tau outflow. 
The top and middle frames are in [SII] and the bottom 
frame is in Ha as HH827 is much stronger in Ha. All 
known IRAS sources in the region are marked with white 
crosses. The individual knots can be seen more clearly in 
Figs. El to 0] Any information in the gaps between the 
CCDs (white strips) is lost. The northern edge of this 
image is the northern edge of the field of view of the CCD 
Mosaic. Note that the linear object to the east of HH 829 B 
is an asteroid trail. For all images in this paper, North is 
up and West is to the right. 
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Fig. 2. CW Tau : Left : Our [SII] image showing CW 
Tau and the newly discovered HH 826 and HH 828 knots. 
The small white box superimposed on CW Tau marks the 
region shown on the right. Right : CW Tau and the HH220 
jet taken from lDougados et al.l ll2000[). A dot ted line shows 
the P.A. of 144° determined bv lDoueados eT al. (2000!) and 
a similar line at 144° is superimposed on our [SII] image 
to show the slight change in direction of the outflow. 




TITI J27 



-i 



Fig. 3. HH827 Ha : Continuum subtracted Ha image of 
HH 827 to the south of CW Tau. The trail of emission to 
the northeast is clearly seen and the fainter trail to the 
southwest extends for ^ 31" from the southern end of the 
bright knot. 



B and C are brighter in [SII] and Ha respectively (Fig. 
EI). IRAS 04111+2820 (slightly outside the field of view 
of Fig. P) is - 1.'5 at a P.A. of 78° from HH829C but 
is highly unlikely to be driving this set of co-linear knots 
given their position with respect to this source. The pro- 
jected length of this assumed CW Tau redshifted outflow 




I I" 



HQ 



Fig. 4. HH829 : Image of HH 829 A, B and C to the north 
of CW Tau in [SII] (left) and Ha (right). HH829C is 
stronger in Ha emission and HH 829 B is stronger in [SII] 
emission, while HH 829 A is comparable in both. 



is 0.69pc (16f8). This gives a total projected length of the 
CW Tau blue - and redshifted outflows of ^ 0.98pc. 

The variation in P.A. in the blueshifted outflow is 40° 
and is 24° in the redshifted outflow. This change in di- 
rection gives the extended outflow an inverted 'S' shape. 
Similar morphologies are seen in many large - scale out- 
flows from less evolved low -mass sources (see Section E!T|l 
and suggests outflow precession. The change in direction 
is approximately symmetrical about CW Tau which sub- 
stantiates our suggestion that both HH827 and HH829 
may be part of this outflow. CW Tau is surrounded by 
a dark cloud (Fig. so the majority of the outflow is 
presumably obscured by this cloud. It is interesting to 
note however that the more distant objects in this out- 
flow, HH827 and HH829, are found at the cloud edges. 

3.2. The DG Tau region 

DC Tau is a low l uminosity star with L^, ~ 8Lq 
l|Cohen fc Kuhil Il979|) and was one of the first TTSs 
to be associated with a n optical jet (HH158), noted 
bv lMundt fc Friedl l)l983|) . HST/STIS observations show 
HH 158 to be at a P.A . of 223° with respect to DG Tau 
l|Bacciotti et al.l |2002|) and that the blueshifted HH 158 
"micr o -iet" can be traced to within ^ O'.'l from the 
star I Bacciotti et all 120001) . Larger scale studies show 
the HH158 outfiow to extend to ^11", w ith a number 
of resolved knots (Eisloffel fc Mundtl . Il998|) . A redshifted 
i et ~ 1" in length i s detected ~ 0'.'45 from the source 
l|Lavallev et allll99^ . T here is a semi - circular nebula as- 
sociated with DG Tau l)Mundt. Brueel fc Biihrkl Il987|) 
which HST data resolves as thre e nested arcs of reflectio n 
at 2", 5" and 10" from DG Tau (IStapelfeldt et al.Lll997l) . 
The axis of symmetry of all three arcs is ^ 225° with 
respect to DG Tau which is well aligned with the P.A. 
of HH 158, suggesting that these arcs are the illuminated 
edges of a cavity carved by the blueshifted jet. 
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Fig. 5. Tau ; (a) Mosaic image of the region surrounding DG Tau and DG Tau B in Ha : The new objects 
discovered in both the DG Tau outflow (HH 830) and the DG Tau B outflow (HH 836 and HH 837) are indicated here. 
HH838 and HH839 appear to be separate outflows in this region. A HST image of HH158 is included here as an 
inset and has been rotated such that north is up. This inset is 21'.'7 by 22'.'05. The dotted line through the centre 
of the image is at 116° and marks the blueshifted DG Tau B outflow. The three known IRAS sources in the region 
are marked with white crosses, (b) HH830B and C in [SII] : HH830C can be seen here to be two distinct regions of 
emission, and HH830B is a small knot. Note that the left hand edge of the image is actually the eastern edge of our 
field of view of the CCD mosaic so it is quite possible that HH 830 C is more extended, (c) HH 830 A in Ha : HH 830 A 
is a faint, linear emission object extending ^ 28" and dips southwards towards the western edge for another 16". (d) 
HH702 in Ha : An image taken in February 2 001 is used here as it shows the whole of HH702 in one CCD field. 
Knots A, B, C and D (discovered bv lSun et all (t2003,D can clearly be seen. The newly discovered Knot E and fainter 
Knots F and G are also marked here. There is a star to the north of Knot E but this knot can be seen clearly in the 
Ha continuum subtracted image (inset), (e) HH839 in Ha. 



DG Tau B is located 47" south and 28" west of DG 
Tau and is a low luminosity Class I source with L^, = 
0.88Lq ijjones fc Cohenl . Il986(l . It is th e driving source 
of an optical iet (HH159) also fo und bylMundt fc Friedl 
l|l983|) and seen to be bipolar by I.Tones fc Cohenl l(l98'^ 



HST images have resolved DG Tau B as a compact 
bipolar reflection nebu la with no optically visible star 
l|StaDelfeldt et allll997(l . The eastern lobe of the reflection 
nebula is ' V' shaped and t he P. A. of its axis of symme- 
try is 122° l|PadEfett et al.Lll999l) . The 56" redshifted jet 
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and 15" blu eshifted jet have been o bserved both in imaR- 
ing mode llMundt k, Fried. Il983t iMundt. Rav k, RaeaL 



|l99l"; 'Eisloffcl fc Mundt'. Il998tl and spectroscopicall: 



,.Jones fc Cohea. .1986; .Mundt. Brueel fc Biihrk3. Il98,- 
lEisloffel fc Mundtl . Il99^ . Position angles of 122° for the 
blueshifted j et and 296° for the redshi fted jet were de- 
termined by iMundt. Rav fc Ragal l)l99lj) . However exam- 
ination of our images would suggest that the P.A. of the 
blueshifted jet is closer to 116° i.e. the two jets are di- 
ametrically opposed as one might expect. In either case, 
the blueshifted jet is approximately coincident with the 
axis of symmetry of the reflection nebula, suggesting that 
the 'V delineates the walls of a cavity cleared by it. The 
redshifted jet passes through the c entre of a well coUi- 
mated redshifted CO emission lobe llMitchell et allll994l: 
iMitchell. Sargent fc Manningsl 11997(1 

The most spectacular object in this outflow is HH 702 
- an ~ 4' long shock system to the southw est of DG 
Tau. This object has already been noted by ISun et all 
l|200,ll) . howeve r our Ha images s how more detail than the 
[SII] image of 'S un et all l|200.3V HH702 consists of five 
bright kno ts (Fig.Oi) (one of which (E) was not noted by 
ISun et al] 1^003)), two fainter knots (F and G) and a trail 
of emission to the northeast. From our images, the trail of 
emission is first seen 7f9 from DG Tau at a P.A. of 218°, 
pointing back towards DG Tau, and stretches a distance 
of 2.'75 to Knot A. Knot A is an intense emission knot at 
10.'6 from DG Tau, with a star directly to the east. Knots 
C and D are on either side of a star and can be seen more 
clearly in the continuum subtracted image inset in Fig. 

While a number of IRAS sources in the vicinity have 
been previously s uggested as possible sources for HH 702 
llSun et aliboO,-^ . we think it is more likely that this ob- 
ject is driven by DG Tau given the alignment between 
HH702 and HH 158. The most distant optically visible 
object in the blueshifted outflow, Knot G of HH702 is 
12.'32 from DG Tau, which is 0.5pc in projected length at 
a distance of 140pc to the Taurus - Auriga cloud. 

Our observations reveal a new HH complex (HH830) 
in the DG Tau outflow, details of which are given in Table 
01 HH830 is a faint complex 9f6 to the northeast of DG 
Tau and consists of three separate emission objects A - C 
(Fig.lHt). HH830A is a 44" long hnear object orientated 
east / west and dips southwards towards its western edge. 
HH830B is - 11. '3 from DG Tau and is brighter than 
HH 830 A but is much smaller in size (Fig.Eb) . HH 830 C is 
the most distant optically visible object in this outflow and 
appears to be two separate emission regions at lA'.l (at 
P.A. of 47°) and 14.'4 (at P.A. of 50°) from the source (Fig. 
[SJd). This object is at one edge of our image and there there 
might be more emission further east. The HH830 knots 
are comparable in Ha and [SII] emission. Both HH 830 A 
and the centre of HH 830 C are along a P.A. of - 48° 
with respect to DG Tau. Thus they are reasonably well 
aligned with the redshift ed jet which we estim ate to be 
at 44° from the images of lLavallev et alJ l)l997j) . HH 830 B 
is slightly off this axis, at a P.A. of 52°. The total length 
of the redshifted outflow is 14f4 i.e. 0.59pc, giving the 
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48 


5"x 44" 
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ll!3 


48 


2"x 2" 
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DG Tau 


14! 1 
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Table 3. Angular separations, P.A.s and spatial extent of 
newly discovered HH objects in the DG Tau and DG Tau 
B region. 

° : Angular distance from the presumed source. 
^ : P.A. with respect to the presumed source. 

: Width and length of the object respectively. 

: The morphology of HH 837 is different in Ha and [SII] 
emission; this is the width and length of this object in Ha. 

: The morphology of HH 837 is different in Ha and [SII] 
emission; this is the width and length of this object in 
[SII]. 

^ : The source of this outflow appears to be a stellar object 
at its base (see Section IX^ . 



total projected length of the DG Tau bipolar outflow to 
be 1.09pc. 

The outflow direction changes by 5° in the blueshifted 
outflow and 8° in the redshifted outflow giving the ex- 
tended outflow a 'C' shaped morphology, with DG Tau at 
the apex of the 'C'. Similar morphologies have been noted 
in a small number of large - scale outflows from less evolved 
sources, for example the HH 366 outflow in Barnard 5 
llBallv. Devine. fc AltenLll996l) . This morphology may be 
analogous to the head -tail extragalactic radio sources 
where a curved morphology is created between the radio 
source (head) and the bipolar j et (tails) due to the motion 
of the source th rough the ISM ijEdge fc Rottgerin^. Il995l: 
IVa,1entiinLlT98l . In the YSO case, typical stellar velocities 
of around 5-10 kms~^ with respect to the parent cloud, 
combined with jet velocities of approximately 150kms^^, 
might produce a similar effect. 

Our observations also reveal two faint new objects to 
the southeast of DG TauB, with a third more evident one 
further out in the same direction (Figs. ElfcEI), details of 
which are given in Table 13 HH836A is at ^ 2. '6 from the 
source and is seen only in Ha. HH 836 B is at 4.'4 from DG 
Tau B and is seen in both Ha and [SII] . A trail of emission 
appears to curve back towards HH 836 A from HH 836 B 
in the Ha image. These HH objects are quite faint and 
diffuse. The most distant optically visible object in the 
blueshifted outflow is HH837 at 10f4 from DG Tau B. In 
[SII] this object appears to have a 'V shaped morphol- 
ogy pointing eastwards. In Ha it is much stronger and is 
clearly bow shaped with some emission over - lapping the 
[SII] emission to the west of the bow (Fig. EJ. There is no 
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Fig. 6. HH836 and HH 837 : The objects to the southeast 
of DG Tau B are shown here in both Ha and [SII]. See 
Fig. for the extended DG Tau B outflow. HH 836 A is 
only seen in Ha, and HH836B is stronger in Ha than in 
[Sn] . There is a distinct difference between HH 837 in Ha 
and [Sn]. The nearby IRAS source, which is also marked 
on Fig. 01, is marked here. 

indication of this bow shock in the [SH] emission. Both 
HH836A and HH837 are at a P.A. of 116° and 117° re- 
spectively with respect to DG Tau B and are well aligned 
with the blueshifted HH159 jet. HH836B is slightly off 
this axis at 122° suggesting that the direction of the 
blueshifted outflow has only varied slightly over the 10. '4 
distance from the source. Although IRAS 04244+2557 is a 
possible driving source for some of these HH objects (see 
Fig. [SJ it seems more than coincidental that all three are 
aligned with the DG Tau B jet. The length of this outflow 
from the redshifted HH159 jet to HH837 is 11.'3 which 
is a projected length of 0.46pc. It is interesting to note 
that the opening angle for the blueshifted jet was initially 
estimated to be ~ 17° i.e. almost four times that of the 
redshifted jet at - 4.5° l|Mundt. Rav fc RaeaL Il99ll) . Our 
images of the extended blueshifted outflow show that it 
has clearly recollimated; the extended opening angle (to 
HH837) is now 3°. 



Two other HH objects are found in this region which do 
not appear to be related to either the DG Tau or the DG 
Tau B outflows. HH838 is lf6 at a RA. of 286° from DG 
Tau B and is a faint, 43" by ~ 4" linear HH object running 
north / south (Fig.^I) seen only in Ha emission. All known 
IRAS sources in the regions are marked on Fig.[Slbut none 
of these appear to be a likely driving source for HH838. 
Our images do not show any other HH emission aligned 
with HH 838. The second HH object, HH 839 to the east of 
DG Tau B, consists of three "knots" (seen clearly in Fig. 
IS]?), of which the most northwestern one appears to be a 
mixture of continuum and HH emission and is probably 
the location of the source driving the outflow. The other 
two knots which are at a P.A. of 126° with respect to 
this assumed source appear to be an ~ 10" long outflow 
and are equally strong in Ha and [SII]. This outflow is 
approximately parallel to the DG Tau B outflow. HH 839 
is quite bright in our I band images so it possibly contains 
some reflection nebulosity as well. We can find no other 
obvious driving source for this outflow. 

3.3. The DO Tau and HV Tau region 

DO Tau is a CTTS associated with an arc -like neb- 
ula. A bipolar jet (HH 230) extending for approximately 
2" to 4" was o bserv ed spectroscopically from DO Tau 
by iHirth et all lll994l) with th e redshifted jet at a P.A. 
of ~ 70° (Hirth et al.j Il994|l . DO Tau is an MO star 
l|Herbig fc BelL .1988,1 with a mass in th e range 0.3 - 0.7 
M0 and an age of about 1.6 x 10^ years llBeckwith et al.L 
1990:'Har tigan. Edwards fc Ghandouiill995l) . To the east 
of DO Tau is the tr iple system HV Tau cons isting of a close 
binary, A and B ijSimon. Holfeltz. fc Taj. [l996) . and a 
third component C ^ 4" northeast of t he close binary. HV 
Tau C is an actively accreting CTTS l|Woitas fc Leiner"^ 
Il998l) and a bipolar "micro -jet" ~ 1"5 in length has re- 
cently been observed emerging from it ( Stapelfeldt et all 
12003^1 . We have estimated the P.A. of its blueshifted jet 
to be at 25° with respec t to the source from the images of 
IStapelfeldt et alJ ll2003l) . 

Five HH objects were found in this region and are 
marked on Fig. with details given in Table 0] Neither 
the DO Tau nor the HV Tau C jets are seen in our opti- 
cal images because of the bright nebulosity around both 
stars. HH 831 is found roughly northeast of DO Tau and 
is seen in both [SII] and Ha although there are morpho- 
logical differences between these two images. HH832 and 
HH 833 are also seen to the northeast of DO Tau however 
they are only visible in [SII]. HH834 is the only object to 
the southeast and is seen only in Ha. 

In Ha images (Fig.EJ HH 831 A is a 52" long structure 
consisting of three small joined arcs and is fainter towards 
the northwest and HH831B is a diffuse knot. In [SII] im- 
ages (Fig. ISJ HH831A is seen as two separate emission 
regions, the most distant of which is at 10.'8 from DO Tau. 
HH 831 B contains a number of bright emission regions in 
[SII], more than are seen in Ha and is at a distance of 11' 
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Fig. 7. _D0 Tatt / HV Tau : (a) Mosaic of the DO Tau and HV Tau C regions showing the newly discovered HH 
objects HH831 - HH834. The positions of candidate sources for these HH objects are marked. HH230 is not seen in 
our optical images because of the DO Tau nebulosity, however the dashed line from DO Tau is at 70° marking the 
direction of the redshifted jet. There is also a dashed line at 25° from HV Tau C marking the P.A. of its blueshifted 
"micro-jet". HH831 and HH832 can be seen more clearly in Figs. El and [HI (b) HH705 in Ha emission, (c) HH705 in 
[Sn] emission, (d) HH 834 in Ha. Note that HH 834 is not seen in [SII] emission. 



from DO Tau. HH831B is only ~ 36" from the eastern 
edge of our field of view so it is very possible that there is 
more emission in this direction. HH 831 is at a P.A. of ^ 
74° with respect to DO Tau and is well aligned with the 
redshifted jet. 



HH 832 (Fig. ^ is seen only in [SII] and is at 78° and 
7.'7 from DO Tau. It is an ~ 6" long linear object with 
faint emission to the northeast. There is a nearby trail 
from a passing satellite. 




Fig. 8. HH831 and HH832 [SII] : [SII] image of the newly 
discovered objects HH 831 and HH 832. Note that the mor- 
phology of HH831 is quite different here to the Ha image 
(Fig. ini) and that HH 832 is clearly seen in [SH] emission. 
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Fig. 9. HH831 Ha : HH 831 as seen in Ha emission. Note 
that this object is much fainter in Ha emission than in 
[SII] (Fig. |H|) and there is no indication of HH 832 here. 



HH 833 (Fig. CK) is a diffuse region 4.'6 from HV Tau 
C at a P. A. of 25° and is seen only in [SII]. HH 705, to the 
north of HH 831, is a complex object containing a number 
of bright emission regions (F i gs. [Tj j and c). This object 
was discovered by ISun et all l|2003|) however our images 
show it to be more intense and complex than their [SII] 
images. This object may be a bow shock, with faint emis- 
sion trailing to the southeast and southwest forming the 
wings and there is a lf3 long trail to the south. Its total 
width, as measured between the edges of the wings, is ^ 
V and its total length is lf9. HH 834 is very faint and seen 
only in Ha (Fig. 01). It is linear and has a total length of 
42". 
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Object 


Source 


Angular 


P.A." 


Spatial 






Separation^ 


1° 
1 


Extent'^ 


HH 831 A 


DO Tau 


10f8 


74 


4"x 52" 


HH 831 B 


DO Tau 


11' 


74 


14" X 8" 


HH 832 


DO Tau 


T.l 


78 


4"x 29" 


HH 833 


HV Tau C 


4:6 


25 


10" X 8" 


HH 834 


7 






42" X 6" 



Table 4. Angular separations, P.A.s and spatial extent of 
newly discovered HH objects in the DO Tau and HV Tau 
C region. 

° : Angular distance from the presumed source. 
: P.A. with respect to the presumed source. 
: Width and length of the object respectively. 



The locations of these new objects in relation to previ- 
ously known outflows suggests possible links. HH 230 is at 
70° with respect to DO Tau so it is hkely that HH 831 at 
74°, and possibly HH832 at a P.A. of 78°, are part of the 
same outflow. There is a gap of ~ I'.l (0.43pc) between 
the 4" redshifted HH 230 jet and HH 832 where no HH 
emission is seen. If HH831 and HH832 are driven by DO 
Tau then the length of the redshifted outflow is ^ llf07 
(0.45pc). 

Considering its alignment with the previously known 
"micro -jet" from HV Tau C, it is most likely that HH833 
is driven by this source. HH 705 could also be part of 
this outflow. Both the blueshifted jet from HV Tau C 
and HH 833 are at 25° with respect to HV Tau C whilst 
HH 705 is at ^ 36° with respect to this source at a dis- 
tance of 12' from it. HH 705 is - I'.l from HH833 and it 
is possible that the outflow direction could have changed 
by 11° over this distance. The southern trail of emission 
from HH705 might suggest that its driving source is sit- 
uated to its south rather than southwest. In this case 
the ra dio sources LD N 1527 1 or LDN 15272 in LDN 1527 
ijAnglada et al.Ul992l) are po ssible driving sources (as sug- 
gested by ISun et al.l l)2003|) . however it is unlikely that 
LDN 1527 1 could generate such a large object so nearby. 
We think HV Tau C is the most likely source of this ob- 
ject. Assuming HH 833 and HH 705 are driven by HV Tau 
C, the projected length of this outflow is 0.49pc (12'). At 
present there is no obvious driving source for HH 834. 

3 A. RWAur 

RW Aur is a hierarchical triple system, with compo- 
nent A about 1'. '4 at a P.A. of 76° from the c l ose bi - 
nary B and C ijChez. Neugebauer k Matthewd. Il993|) . 
Both RW Aur A an d B are actively accreting CTTSs 
(Duchene et allll999l) . Although it was suggested as early 
as 1986 that KW Aur A itself might be a close binary 
l|Hartmann et ali Il986|) it is only in recent years that 
this has been conflrmed with evidence of a l ow - mass sec- 
onda r y companion, possi bly a brown dwarf l)Gahm et ali 
'l999t IPetrov et all l200ll) . The HH229 bipolar jet is the 
only indication of an outflow in the vicinity of RW Aur 



F. McGroarty and T.P. Ray: Classical T Tauri stars as sources of parsec- scale optical outflows 



10 



F. McGroarty and T.P. Ray: Classical T Tauri stars as sources of parsec- scale optical outflows 



TIT I 




RW'Aur 



TITI 2i^v. 




Object Source 



Fig. 10. RW Aur Ha : In this image of the RW Aur out- 
flow, the HH 229 jet (and its direction) is clearly seen as is 
the newly discovered object HH 835, which is seen in more 
detail in Fig. [TT] 




Fig. 11. HH835 Ha : HH835 to the northwest of RW 
Aur. We suggest that this is the east / west wing of a bow 
shock, with the north / south wing being much fainter in 
our optical images. 



to date llHamannL HooS iHirth et all Il994l) . Furthermore, 
long slit spectro scopy confirms RW Aur A as the source 
of th is outflow iHirth et all Il994l: iHirth. Mundt fc Solf. 
Il997r as does the 0'.' I resolution images of Dougados et al 
l|200nl) . Recently rotation has been observed at the base 
of the HH 229 jet - one of the first su ch outflows where 
rotation has been detected ijCoffev et al., ^004) . 

The blueshifted component of the HH 229 bipo- 
lar jet is a t a P.A. of ^ 130 ° with re spect to 
RW A ur A tooueados et all I2OOOI: iMundt fc Eisloffel. 
| l998t iHirth. Mundt fc Soli Il997^ [SII] images of 
iMundt fc Eisloffel' hm^ show the redshifted and 
blueshifted outflows to have lengths of 50" and 106" re- 



Angular 
Separation" 



P.A.' 

r 



Spatial 
Extenf^ 



HH835 RWAur 



5f37 



310 



30" X 12" 



Table 5. Angular separations, P.A.s and spatial extent of 
the newly discovered HH object in the RW Aur outflow. 
" ; Angular distance from the presumed source. 

: P.A. with respect to the presumed source. 

: Width and length of the object respectively. 



spectively, implying a total projected length of O.lpc at 
a distance of 140pc. Both sides are well coUimated, with 
a full opening angle for the redshifted jet of less than 6° 
(■mitaseialliooi. The detection of emission in the red- 
shifted jet can be traced back to O'.'l from the source which 
implies an upper limit of 15 AU for the projected radius 
of its circumstellar disk. 

Our images reveal a large object (HH835) 5.'37 to the 
northwest of RW Aur (See Fig.UHland Table Ell. We sug- 
gest that this object is a bow shock with only the ~ 30" 
long northern wing visible in our Ha images (Fig. Ill|) . 
Given the position of HH835 on the known axis of the 
RW Aur outflow (P.A. of 310° with respect to RW Aur) we 
suggest that this object is part of the redshifted RW Aur 
A outflow. There is a distance of ~ 4.'6 between the end of 
the redshifted jet and HH 835 in which there is no optical 
evidence for outflow activity. The total observed projected 
length of the RW Aur outflow from the blueshifted jet to 
HH835 is 0.29pc (7'). 

4. Discussion 

We have shown that five of the seven CTTSs examined in 
the Taurus - Auriga Cloud (namely CW Tau, DG Tau, DO 
Tau, HV Tau C and RW Aur) drive outflows of the order 
of Ipc in length. We have estimated the length, dynam- 
ical timescale and degree of collimation for all six of the 
outflows discussed in Sections 13 and these are presented 
in Table El Here we examine the parameters and the mor- 
phological trends of these CTTS outflows in more detail, 
and compare them to large - scale outflows from more em- 
bedded Class I sources. These trends can be used to infer 
details about the source, the propagation of the outflow 
into the ambient medium, and the evolution of the out- 
flows with time. 



4.1. Outflow Morphology 

Typically many large-scale outflows from Class I sources 
are either 'S' shaped with the driving source approx- 
imately in the middle of the 'S' - for example the 
HH47 outflow llHeathcote et all [^96), HH34 outflow 
teall v fc Devin e', 'l99 4l) and the PV Cephei outflow 
(Reipurth. BaUv. fc DevineL Il997|) to name but a few; 
or the rarer 'C shaped with the source at the apex of 
the 'C - for example the HH 366 outflow in Barnard 5 
i Ballv. Devine. fc AltenL Il99fil) . It can be seen from the 
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Source 




Reference 


Outflow Length 


Associated Nebula 


Cloud Size " 


dyn 


9 flow'' 




/L© 




/ PC 




/pc 


X 10" yr 


r 


DG Tau 


>7.6 


1 


1.09 


LDN1521 


7.4 X 5.4 


2.1 


10.6 


DG Tau B 


0.88 


2 


0.46 


LDN1521 


7.4 X 5.4 


0.9 


1.8 


CW Tau 


2.6 


3 


0.98 


LDN 1495 


3.9 X 3.2 


2.0 


3.8 


HV Tau C 


~0.5 


4 


0.49 


LDN 1527"* 


0.03 X 0.01 


1.0 


4.T= 


DO Tau^ 


3.5 


1 


0.45 


LDN 1527^* 


0.03 X 0.01 


0.9 


3.1" 


RW Aur 


^1.1'' 


5 


0.29 


Anonymous 




0.6 


4 



Table 6. Outflow lengths, dynamical timescales and degree of coUimation for the five newly discovered parsec- scale 
outflows from (Class II) CTTSs and for the serendipitously discovered outflow from the Class I source DG Tau B. 
" : Visual estimate of the approximate width and length of the associated nebula for each source. 
^ '■ S flow is calculated by taking the width of the most distant shock in both the red- and blueshifted outflows and 
dividing by the projected distances from the source. The mean value of 9 flow for both outflows, where both are seen, 
is given here. 

^ : Here we assume that IIH833 and IIH705 are part of the HV Tau C outflow (see Section 

: The source is at the edge of this nebula. 
^ : This is the opening angle for the blueshifted outflow only ~ the redshifted jet is too short to measure accurately. 

: Here we assume that HH230, HH831 and HH832 arc part of the DO Tau outflow (see Section 
^ : This is the opening angle for the redshifted outflow only - there is no optically visible blueshifted outflow (see 
Section rO|l . 

: This is the luminosity of the RW Aur A binary and so is an upper limit for the binary component driving this 
outflow (see S ection 13.411. 

R eferences : l.lCohen fc Kuhil lll979l) : 2. l,Tones fc CohenI lll98fil) : 3. lGomez de Castrol (Il993l) : 4. IStaDelfeldt et all (120031) : 
R. IPetrovet all (1200 ll) 



images presented in Section O that many of the outflows 
from CTTSs show evidence for some variations in P.A. 
with time, the effect being most evident in the CW Tau 
outflow. This outflow delineates an inverted 'S' shape cen- 
tered on CW Tau with the northern part of the 'S' more 
elongated than the southern part. The change in outflow 
direction is possib l y due to precession of the outflow axis 
iRaga et a1.L Eonil iMascia.dri RagalEnni. 

It has also been noted from large - scale outflows driven 
by less evolved sources that the size and complexity of the 
HH shocks increases with distance from the source. As the 
supersonic outflow propagates through the parent cloud it 
interacts with both the ambient medium and slower, pre- 
vious ejecta producing the HH shocks observed. Many of 
these shocks fade quickly with time, it is only the strongest 
and largest shocks that remain. As a consequence of this, 
the gap between consecutive HH objects / complexes in- 
creases with distance as the majority of the more dis- 
tant shocks quickly fade leaving just a few, lar ger shocks 
i Reipurth fc Ballvl . l2nnil:lBallv fc De'^ . ll997l) . As these 
extended shocks have undergone many interactions with 
their surroundings, and have had time to evolve, they will 
often be complex, chaotic objects rather than the simple 
knot - like structures seen closer to the young star. Most of 
the outflows from CTTSs presented here also demonstrate 
these trends. 

4.2. Outflow Length 

From Table El we see that the length of the outflows from 
CW Tau, DG Tau, DO Tau and HV Tau C is of the order 



of ~ Ipc. This represents an increase over the previously 
known values by a factor of 480 for the HV Tau C outflow, 
and factors of between 120 and 160 for the other three. 
The RW Aur outflow was previously known to be ~ 2.'7 
in length and the revised value is only a factor of ~ 2.6 
larger (7'). Outflows of the order of Ipc should readily 
be expected from Class II low mass stars, the typical age 
of which is 10^ years. Even if an outflow has an average 
velocity of around 50 kms~^ (i.e. the minimum velocity 
required to excite the shocks we see) then over 10^ years 
it could extend up to 50pc. 

The fleld of view captured by the Wide Field Camera is 
^ 34' square which projects to a maximum detectable out- 
flow length of 1.4pc at the distance of the Taurus - Auriga 
Cloud. Outflow morphology suggests that the distance be- 
tween consecutive HH objects complexes increases expo- 
nentially with distance from the source (Section 14.1(1 so 
if there is emission beyond our field of view then it may 
easily be on scales of tens of parsecs, near the edges of the 
Taurus - Auriga Cloud boundaries, and well beyond the 
field of view of the WFC. 

The apparent dynamical timescales for these outflows 
is estimated in Table|51 assuming the most distant objects 
are moving at a velocity of 50 kms~^. Values of around 10^ 
years are derived thus we are only observing a fraction of 
the stars' outflow histories. 

Our observations suggest that, in all cases, the out- 
flows have blown out of the associated clump. Many of 
the most distant objects in the outflows are at the clump 
edges while a few, most notably HH 830 and HH 702 in DG 
Tau are clearly well beyond. There is little doubt based 
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on statistically estimated lifetimes that these outflows are 
even larger than our field of view, and thus our data sup- 
ports the idea that they have blown out of their parent 
cloud. Large - scale outflows blowing out of their parent 
cloud is also a well documented occurrence in outflows 
from Class I low -mass sources, as our own observations 
of DG Tau B show. We have previously shown that this 
also occurs for outflows f rom i ntermediate - mass YSOs 
i McOroaTtv. Rav fc Ra,l1vl I2nn4) . 



4.3. Degree of Colli mation 

For the CTTSs outflows discussed here we find a degree of 
collimation of the order of ~ 5° (see Col. 11 of Table EJ. 
This value is in good agreement with the degree of colli- 
mation of large - scale outflows from more embedded Class 
I stars ("Mu ndt. Rav Ragal lTflfll. Although our sample 
of outflows from Class II stars is small, this suggests that 
collimation remains high even as the source evolves. 



4.4. Have these CTTSs gone through the FU Ononis 
Phase? 

The morphology and location of the HH ob- 
jects / complexes associated with the five CTTSs 
suggest long quiescent outflow phases punctuated by 
mass ejections of varying strength. According to this 
scenario, the most violent of the latter have given rise 
to the most distant (from the YSO), long -lasting and 
extended HH complexes that we see today. Reipurth & 
Aspin (1997, and references therein) have suggested that 
these major ejection events occur when the parent star 
undergoes FU Orionis-type outbursts, or FUor events. 
Before addressing whether this is the case, and explaining 
why we think our sample, albeit small, lends considerable 
weight to the hypothesis, it is worthwhile saying a few 
words about the FU Orionis phenomenon. 

When a YSO undergoes an FUor outburst, its opti- 
cal brightness increases by several orders of magnitude 
before decayi ng back to the pre-outburst luminosity over 
50-100 years (iHartmann fc KenvonL Il996|) . The spectra of 
these so-called FUors in qu iescence is that of a CTTS 
ijHart mann & Kcnvon', '1996*), and there are at least nine 
known FUors (Hartmann &, Kenyon.. ,19il6,) includ i ng th e 
prototypical source - FU Orionis itself ( Herbiel Il977l) . 
Almost immediately after their discovery it was suggested 
that FUor events could give ri se to Herbig-Haro outflows 
llDoDitaL Il975 iReiourthl 1985tl More recently, as already 
stated. iReinurth & AsdIe ill 997 *) investigated this possible 
connection, basing their conclusions largely on a sample 
of embedded Class I sources. As it is accepted that in qui- 
escence FUors are CTTSs it seems more appropriate to 
examine outflows of the latter for any "fossil record" of 
FU Orionis-type outbursts. In particular it is not obvi- 
ous apriori that the outburst timescales for Class I and 
Class II stars are similar. 



Examining Table El we see that the dynamical 
timescales of the extended HH comple xes, associated with 
our CTTSs, are typically 10 ^ year s. iHerbid ^|l977^ and 
iHerbig. Petrov. fc Duemmlerl ll200,'^ have estimated the 
mean time between successive FUor outbursts is 10^ years, 
suggesting a clear link. Moreover the relative number of 
FUors in comparison to CTTSs also supports this link. 

5. Conclusions 

We have shown here that a number of (Class II) CTTSs, 
DG Tau, CW Tau, DO Tau, HV Tau C and RW Aur, 
which were previously known to drive "micro -jets" or 
short outflows of ^ 1' (^ 0.04pc at the distance of the 
Taurus - Auriga cloud) in length, are actually capable of 
driving outflows with lengths of the order of Ipc. The 
serendipitous discovery of a 0.5pc long outflow from the 
Class I source DG Tau B is also reported here. 

The morphological trends observed in the CTTSs out- 
flows are comparable to those noted in younger sources i.e. 
increasing distance between successive HH objects coupled 
with increased size and complexity with distance from the 
source. In a few cases, small variations in the direction 
of propagation of the outflow have been found. The high 
degree of collimation of the five extended outfiows from 
CTTSs compared well with that observed in the case of ex- 
tended large-scale outflows from less evolved sources, sug- 
gesting that outflows remain focussed even as the source 
evolves from the Class I to the Class II stage. It is clear 
that the observed parsec- scale lengths of the CTTS out- 
flows are minimum values and in reality they are much 
larger. These outflows all show evidence for having blown 
out of the parent cloud. 

The apparent dynamical timescale of these extended 
outflows is typically a few times lO'* years. This suggests 
a linkage between the major accretion events that give 
rise to the largest HH complexes and the FU Orionis phe- 
nomenon. As FU Orionis stars are CTTSs in quiescence, 
the extended outflows of the latter provide the best "fossil 
record" to test this linkage. 
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